INTRODUCTION
Escherichia coli is a Gram-negative, facultative anaerobic enteric bacteria, which inhabits the intestinal tract of humans, warm-blooded animals and reptiles (Berg 1996; Gordon and Cowling 2003) . It is used as an indicator of faecal contamination in drinking and recreational water, and this is partly based on the assumption that E. coli exists transiently outside of the host gastrointestinal tract (Ishii and Sadowsky 2008) and does not survive for a long time in the external environment. However, recent studies have isolated E. coli from various natural environments such as freshwater, beach sand, sediment and soil (Jiménez et al. 1989; Anderson, Whitlock and Harwood 2005; Ishii et al. 2006; Chiang et al. 2011; Byappanahalli et al. 2012 ) thus questioning the validity of its use as a faecal indicator organism. Brennan et al. (2010) reported the recovery of E. coli populations from experimentally maintained intact soil monoliths held in lysimeter units, which have been protected from faecal contamination for over 10 years. These long-term soil-persistent E. coli isolates provide a unique tool for understanding the adaptation of E. coli in external environments, particularly soil.
Despite the isolation of E. coli from several non-host environments including soil, not much is known about the mechanisms of adaptation of E. coli to the soil. We recently showed that regardless of origin of isolation, whether gut, laboratory or soil, E. coli persists in soil for long periods (several months at least) and that a functional RpoS is required for long-term soil survival (Somorin et al. 2016) . Although RpoS is involved in multiple stress responses in E. coli, its specific contribution to survival within soil is unknown. Soil is a very dynamic environment with a wide range of biological and physico-chemical parameters. Microbial community distribution has been shown to be partly shaped by soil depth (Cubera and Moreno 2007) , seasons and land use (Zoltán 2008; Rousk, Brookes and Bååth 2010; Tischer, Potthast and Hamer 2014) . Moisture content has a significant impact on other soil abiotic and biotic factors (Marais et al. 2012; Stevenson, Hunter and Rhodes 2014; He et al. 2017) . Moisture gradient fluctuation is often experienced in different sections of a soil column (Wang and Zheng 2016) . High moisture availability in soil promotes bacterial survival (Oliveira et al. 2004) , while low soil moisture leads to a greater decline of E. coli in soil (Williams, LeJeune and McSpadden Gardener 2015) . In soil with low moisture, there is little or no available water for bacterial activities and this may cause cell death. Although E. coli can survive and multiply under low moisture conditions (SoloGabriele et al. 2000) , little is known about the role of RpoS in the survival at reduced soil moisture.
Protozoans, which form an important part of soil microfauna, also play a crucial role in determining the survival of bacteria introduced into the soil. Predation of bacteria by protozoans regulates the bacterial population in soil and other ecosystems (Murase, Noll and Frenzel 2006; Haig et al. 2015) . Two of the most widely studied protozoan genera are Acanthamoeba and Tetrahymena. Acanthamoeba spp. has been demonstrated to be an important contributor to a functional soil ecosystem (Rosenberg et al. 2009 ). The interaction between biotic and abiotic factors within a habitat determines the survival and fate of organisms introduced into the ecosystem. For example, Wanjugi and Harwood (2013) documented that protozoan predation and competition from indigenous microbiota led to the rapid die-off of E. coli in fresh water and sediments.
Although E. coli requires the deployment of a full stress protection response activated by RpoS to survive in soil (Somorin et al. 2016) , it remains to be determined how RpoS contributes to soil survival especially regarding the different conditions encountered in the soil that could constitute stress for E. coli. This study was aimed at understanding the role of RpoS in surviving reduced moisture level in soil and how RpoS contributes to the survival of E. coli in the presence of predatory protozoans.
MATERIALS AND METHODS

Strains and growth conditions
Bacterial strains used in this study are described in Table 1 . They include long-term soil-persistent Escherichia coli strains (COB583-587), as well two commensal strains (SE11 and SE15) and a well-studied laboratory strain (BW25113), which were used for comparative purposes. The rpoS mutants from COB583 background were from a previous study (Somorin et al. 2016) , while the mutant strains from the BW25113 background were obtained from the Coli Genetic Stock Centre (Yale, USA). Kanamycin resistance cassette used in constructing the mutants was removed by FLP-FRT recombination, and removal of the cassette was confirmed as described previously (Somorin et al. 2016) . A colony of each E. coli strain was inoculated into 25 mL sterile LB broth (Sigma) in a 250-ml conical flask and incubated overnight (∼17 h) at 37
• C with shaking.
Predation assay
Tetrahymena pyriformis (CCAP 1630/1B) was obtained from the Culture Collection of Algae and Protozoa, UK, and maintained axenically in sterile proteose peptone yeast extract broth (20 g L −1 Proteose peptone; 2.5 g L −1 Yeast Extract). Tetrahymena pyriformis culture was set up by adding 250 μl of a 5-day-old culture in 12 ml of proteose peptone yeast extract broth in a 15 ml tube and incubated at 28 • C. After 3 days, an aliquot of the T. pyriformis culture was washed in Page's Ameoba Saline (PAS) (Page 1976) twice by centrifugation at 1100 × g for 3 min each, (2006) and then observed for active trophozoites and counted using a Bright-Line Haemocytometer (Sigma). An overnight culture of each bacterium was grown in LB broth at 37
• C and washed three times with PAS by centrifugation at 9000 × g for 10 min each. Co-culture for predation assay was done in a 1.5-ml tube by adding a volume of T. pyriformis cells corresponding to 100 cells to a volume of washed E. coli suspension corresponding to 10 8 CFU ml −1 , thereby giving a multiplicity of infection (MOI) of 10 6 :
1. Negative controls were used that consisted of E. coli cells in PAS alone or T. pyriformis in PAS alone. Tubes were incubated at 28
Aliquots from the tubes were taken at different time points, serially diluted and plated on LB agar to determine surviving E. coli counts. LB agar plates were incubated overnight; colony counts were performed after 17 h and used to derive an estimated cell count. Acanthamoeba polyphaga (CCAP No: 1501/14) was also obtained from the Culture Collection of Algae and Protozoa, UK, and was maintained axenically on non-nutrient agar (NNA) supplemented with Penicillin-Streptomycin (penicillin-62.5 mg L −1 ; streptomycin-100 mg L −1 ; Sigma) and heat-killed E. coli BW25113 was spread on the agar. A chunk of agar from a previously growing culture was placed upside down at the corner of the NNA plate and incubated at 30
• C for 5 days. Acanthamoeba polyphaga trophozoites were removed from NNA plates using a disposable plastic loop and maintained in proteose-peptone yeast extract medium with glucose (PYG) medium. Washing and counting of the A. polyphaga trophozoites were done as described above for T. pyriformis. Co-culture of A. polyphaga with E. coli and the negative controls were set up as described above except that it was done at an MOI of 10 3 :1 and incubated at 30
• C. Aliquots were taken at different time points to determine surviving E. coli counts.
The MOIs used in this study were based on a preliminary experiment where E. coli was co-cultured with protozoans separately at different MOIs. The MOIs where clear predation was recorded were selected for this study (data not shown). Lower numbers of E. coli cells are fed to Acanthamoeba compared to Tetrahymena, as it has been suggested that at high MOIs, there may be phagocytic saturation of Acanthamoeba spp., which in turn could limit predation and reduce the amoebic growth (Benavides-Montaño and Vadyvaloo 2017). Tetrahymena require higher MOIs for predation since they only prey on E. coli above MOI of 1:10 5 (Watson, Ohtaguchi and Fredrickson 1981) .
Congo Red assay
Curli fimbriae are the main protein components of the extracellular matrix ECM produced by E. coli and other members of the Enterobacteriaceae (Barnhart and Chapman 2006) . Curli production was determined in the strains by Congo Red assay as previously described (Zhou et al. 2013 
Western blotting for major curli subunit CsgA
Protein extraction, separation of protein by SDS-PAGE and western blotting to determine the expression of CsgA in E. coli BW25113, BW25113 rpoS and BW25113 csgA were performed as described previously (Zhou et al. 2013) . Membranes were incubated in 5000-fold diluted anti-CsgA antibody (a gift from Matt Chapman). The primary antibody was detected with 10 000-fold diluted goat anti-rabbit IgG conjugated with horseradish peroxidase (Santa Cruz). Blots were developed with Amersham ECL Prime Western Blotting Detection (GE Healthcare), prior to exposure to photographic film and CsgA bands observed following development of the film in a Kodak X-ray developer.
Soil survival assay
Survival of the E. coli BW25113 and COB583 and their corresponding rpoS mutants in live silty loam soil (sand 43%; silt 53.9%; clay 3.1%; pH 5.2; total organic carbon 4.7%; total nitrogen 0.35%; C/N ratio 13.43; organic matter 9.1%) collected from Kilfergus (52 • 57'10 N 9
• 20 ' 44 W) in the mid-west of Ireland. Survival of E. coli in soil with moisture at 100% water holding capacity (100%WHC) and 60% water holding capacity (60%WHC) was determined as described by Somorin and O'Byrne (2017) . The WHC of the silty loam soil was determined as described by Blažka and Fischer (2014) , and the soil moisture was adjusted to give 100%WHC and 60%WHC by adding phosphate-buffered saline (Sigma) before the soil survival assay was conducted.
Statistical analysis
The Student t-test was used when comparing means from two samples, whereas one-way analysis of variance (ANOVA) was used when comparing means from three or more samples. Statistical comparisons among the means in ANOVA were compared using the Duncan multiple range test at 5% probability level. A two-way ANOVA was used to test the effect of RpoS status and moisture level on survival of E. coli BW25113 and COB583 in soil. Error bars on graphs indicate standard deviations from the means of three independent replicates.
RESULTS AND DISCUSSION
Strain differences exist in the resistance of Escherichia coli to predation by Tetrahymena pyriformis and Acanthamoeba polyphaga
We hypothesised that soil-persistent E. coli have higher resistance to protozoan predation than their commensal and laboratory-adapted counterparts. To test this, a panel of E. coli strains was co-incubated separately with T. pyriformis and A. polyphaga. Escherichia coli reduced steadily by orders of magnitude for most strains over a 40-h period, suggesting efficient predation. Strain differences were observed among the soil and commensal E. coli isolates in their resistance to predation by A. polyphaga and T. pyriformis. Soil-persistent E. coli COB583 and the commensal strain SE15 were resistant to predation by T. pyriformis as they survived significantly (P = 0.0001; one-way ANOVA) better than all other tested strains, irrespective of their source of isolation (Fig. 1A) . Some of the soil-persistent E. coli were very susceptible to predation by T. pyriformis and A. polyphaga (Fig. 1) . At 24 h, there was a significant difference (P < 0.0001; one-way ANOVA) in the sensitivities of the strains to predation by T. pyriformis. Unlike BW25113, which reached its lowest survival count after 24 h, all other soil-persistent and commensal E. coli were still actively preyed upon after 24 h (Fig. 1A) . Perhaps unsurprisingly, the resistance profile of the E. coli strains to the two protozoan species, T. pyriformis and A. polyphaga, was different. Predation was significantly different (P < 0.0001; one-way ANOVA) among the strains tested in coculture with A. polyphaga. Escherichia coli COB583 had the highest survival among the soil-persistent strains and was the only strain with detectable viable cells after 30 h (Fig. 1B) . When grouped based on their source of isolation, soil-persistent strains survived significantly better (P = 0.0013; one-way ANOVA) than the commensal and laboratory strains. There were high intra-strain differences among the soil-persistent E. coli in their susceptibility to predation by A. polyphaga as COB584 was not detected after 3 h, COB586 was not detected after 6 h, COB585 and COB587 were not detected after 24 h while COB583 was only reduced by about 1.5 log cycles over that time period (Fig. 1B) . The two commensal strains (SE11 and SE15) had no detectable survivors after 6 h and survived significantly less (P < 0.0005; Student's t-test) than E. coli BW25113. Active predation of E. coli BW25113 by T. pyriformis occurred during the first 24 h, after which the population of viable cells remained constant. Predation of E. coli led to a concurrent increase in the population of T. pyriformis, which indicates that the bacterium was used as food source for protozoan growth (data not shown). Although there was no further decline in E. coli BW25113 population after 24 h of co-incubation, this was not the case with the soil-persistent and commensal strains (Fig. 1A) . The differences seen in the level of susceptibility to predation by both protozoans in this study are similar to previous studies that have shown variations in the capacities of protozoans to prey on bacteria. For example, Colpoda aspera preyed better and significantly increased on different E. coli O157:H7 strains compared to Vorticella microstoma (Ravva, Sarreal and Mandrell 2014) . Strain-and species-specific differences have also been reported in the survival of different bacteria preyed upon by protozoa (De Moraes and Alfieri 2008; Lambrecht et al. 2015) . After 24 h of co-culture, there were further declines of between 1 and 2-log cycles in the natural isolates except for COB583 and SE15 which were resistant to predation by T. pyriformis. The rapid consumption of E. coli by protozoans is not only seen in vitro but has also been shown to be one of the major means of removal of E. coli in slow sand filters (Haig et al. 2015) . The genetic traits that influence the susceptibility of E. coli to protozoan predation are currently unknown, but they seem to be different for A. polyphaga and T. pyriformis.
The expression of RpoS and curli is important for Escherichia coli resistance to protozoan predation
Having shown the strain differences in the sensitivity of E. coli to protozoan predation, this study sought to investigate the contribution of general stress response regulator RpoS to resisting protozoan predation in E. coli BW25113 and particularly in the soil-persistent COB583, which was resistant to both T. pyriformis and A. polyphaga. Wild-type and rpoS deletion mutant of E. coli BW25113 and soil-persistent E. coli COB583 were co-incubated separately with the protozoans. It was observed that rpoS contributes to the resistance of E. coli BW25113 and COB583 to predation by T. pyriformis ( Fig. 2A) . As for predation by A. polyphaga, the impact of rpoS deletion was more pronounced, as BW25113 rpoS was not detectable after 6 h of co-incubation (Fig. 2B) . The role of RpoS in the survival of predation by T. pyriformis was greater in the soil-persistent strain COB583 than in the lab strain. The COB583 rpoS was significantly (P = 0.0169; Student's t-test) more depleted compared to the parental strain, while BW25113 rpoS was only marginally significantly (P = 0.0496; Student's t-test) lower than its wild type ( Fig. 2A) . This observation confirms that soil-persistent E. coli COB583 had an increased fitness during predation and suggests that RpoS plays a greater role in protection against predation in the soil-persistent strain COB583 than the lab strain BW25113. The greater contribution of RpoS to protection against predation could be because the soil-persistent strain had been adapted for a long time to soil before isolation (Brennan et al. 2010) , and has frequently encountered biotic and abiotic stresses that favour traits conferring stress resistance (Somorin et al. 2016) .
Having established that RpoS protects against protozoan predation, we sought to investigate how RpoS exerts its resistance to protozoan predation. Escherichia coli produces biofilm in various external environments, and this protects E. coli against predators (DePas et al. 2014) . Since curli production is crucial to biofilm formation in E. coli (Zogaj et al. 2003; DePas et al. 2013) and it is an RpoS-dependent phenotype (Gualdi, Tagliabue and Landini 2007) , we decided to investigate if curli production protects E. coli against predation by T. pyriformis and A. polyphaga. Using deletion mutants in some genes required for curli production, curli transcriptional regulator csgD and curli major subunit csgA, we investigated if curli production helps E. coli to resist predatory protozoa. Curli production played a role in resistance of E. coli to T. pyriformis predation. Curli-negative mutants (BW25113 csgD and BW25113 csgA) were both for 24 h. Error bars represent standard deviation of mean of three independent replicates and determined at P < 0.05 by the Student's t-test. Significant differences are denoted with asterisks ( * ), and dashed line represents the detection limit of the predation assay.
significantly more sensitive than their parental strain (P = 0.0238 and 0.0022, respectively; Student's t-test) to T. pyriformis (Fig. 3A) . These observations suggest that biofilm formation may protect E. coli against predation by both A. polyphaga and T. pyriformis. Predation of BW25113 csgA was similar to the predation levels observed in BW25113 rpoS ( Fig. 2A) . Curli production also contributes to the resistance of E. coli to predation by A. polyphaga as BW25113 csgA was rapidly preyed on by A. polyphaga and no viable cells were detected at 3 h (data not shown). Using a Congo Red assay, curli production was shown to be RpoS dependent (Fig. 3B) , as was the expression of the main structural subunit of curli, CsgA (Fig. 3C ). Curli-negative strains are unable to produce biofilm during the co-incubation and this makes them more susceptible to predation. This study shows that RpoS-dependent curli production protects E. coli BW25113 from predation by T. pyriformis and A. polyphaga (Fig. 3) . This is similar to DePas et al. (2014) , who had shown that curli protected E. coli against predation by soilborne nematode Caenorhabditis elegans and the predatory bacterium Myxococcus xanthus. In contrast, Ravva, Sarreal and Mandrell (2014) found that curli-positive variants of E. coli 0157:H7 were rapidly consumed by the protozoa V. microstoma and C. aspera. Although this study is in a different genetic background (BW25113), it presents the first direct genetic evidence that loss of curli is a disadvantage when interacting with predators. These different roles of curli may indicate complex interactions which probably differ between different E. coli and different protozoan species.
RpoS is important for soil-persistent Escherichia coli to survive reduced moisture in soil
Based on the increased survival of COB583 rpoS in soil with a higher moisture content (Somorin et al. 2016 ) and the described role of RpoS in overcoming dehydration and osmoprotection (Stasic, Lee Wong and Kaspar 2012) , it was hypothesised that RpoS contributes to survival of E. coli in reduced moisture soil. Therefore, the role of RpoS in the survival of E. coli BW25113 and COB583 together with their corresponding rpoS deletion mutants at a reduced soil moisture level was investigated in soil. There was a significantly better survival in the soil at 100%WHC than at 60%WHC in E. coli BW25113 but not in wildtype soil-persistent E. coli (Fig. 4) . RpoS did not significantly contribute to survival of E. coli BW25113 at low WHC since both wildtype BW25113 and BW25113 rpoS survived significantly better at 100%WHC than at 60%WHC (P = 0.0259 and 0.0465, respectively; Student's t-test) (Fig. 4A) . Moisture had no significant effect (P > 0.05) on the survival of wild-type COB583, as the survival was similar at 100%WHC and 60%WHC, whereas survival of COB583 rpoS was significantly (P = 0.0399; Student's t-test) better at 100%WHC compared to 60%WHC (Fig. 4B ). There was a significant interaction effect (P = 0.014; two-way ANOVA) between moisture and RpoS status on the survival of BW25113, showing that the effect of moisture on soil survival depends on the RpoS status of the E. coli. The increased fitness of COB583, which is unaffected by reduced water content, suggests that COB583 has a more robust RpoS-mediated protection system to deal with reduced soil moisture and the attendant hyperosmolarity in soil.
It has been previously shown that E. coli survive better in a water-saturated soil than in low moisture conditions (Sjogren 1994) . A similar observation was made with Gluconacetobacter diazotrophicus and Azospirillum amazonense, where increased soil moisture resulted in higher survival compared to lower soil moisture (Oliveira et al. 2004) . Yeager and Ward (1981) showed that survival of different bacteria in sludge decreased as the moisture content reduces. A previous study reported that protozoa-bacteria interaction and protozoan activity depend on available soil moisture (Kuikman, Van Vuure and Van Veen 1989) . Besides contributing to resisting protozoan predation and surviving low moisture in soil, we showed previously that RpoS helps E. coli COB583 survive acidic pH (pH = 5.2) in soil, since the survival of the wild-type COB583 did not decline but COB583 rpoS was significantly reduced in this environment (Somorin et al. 2016) . This strengthens the conclusion that multiple stresses present in the soil require functional RpoS activity. The importance of retaining an intact stress response in the environment was also recently shown by Zhi et al. (2016) . The authors reported that a functional RpoS activity was retained in wastewater-adapted E. coli populations.
In conclusion, findings from this study show that there are strain differences in the resistance of soil-persistent, commensal and laboratory strains of E. coli to predation by A. polyphaga and T. pyriformis. It further demonstrates that RpoS is important for E. coli to resist predation by A. polyphaga and T. pyriformis, at least in part through the production of curli. Finally, while moisture impacts the survival of E. coli BW25113, the survival of wild-type soil-persistent E. coli COB583 is not impacted by moisture and RpoS plays a significant role in this phenotype. western Blotting were done as described in the 'Materials and Methods' section for determining the expression of CsgA. Error bars represent standard deviation from the mean of three independent replicates. Significant differences are denoted with asterisks ( * * ) and determined at P < 0.01 using the Student t-test. Taken together, these results suggest that RpoS contributes to long-term soil persistence by protecting against reduced moisture, low pH and protozoan predation.
